Unlike the well defined T helper type 2 cytokine locus, little is known about the regulatory elements that govern the expression of Ifng, which encodes the 'signature' T helper type 1 cytokine interferon-c. Here our evolutionary analysis showed that the mouse Ifng locus diverged from the ancestral locus as a result of structural rearrangements producing deletion of the neighboring gene encoding interleukin 26 and disrupting synteny 57 kilobases upstream of Ifng. Proximal to that disruption, we identified by high-resolution mapping many regions with CD4 + T cell subset-specific epigenetic modifications. A subset of those regions represented enhancers, whereas others blocked the activity of upstream enhancers or insulated Ifng from neighboring chromatin. Our findings suggest that proper expression of Ifng is maintained through the collective action of multiple distal regulatory elements present in a region of about 100 kilobases flanking Ifng.
Unlike the well defined T helper type 2 cytokine locus, little is known about the regulatory elements that govern the expression of Ifng, which encodes the 'signature' T helper type 1 cytokine interferon-c. Here our evolutionary analysis showed that the mouse Ifng locus diverged from the ancestral locus as a result of structural rearrangements producing deletion of the neighboring gene encoding interleukin 26 and disrupting synteny 57 kilobases upstream of Ifng. Proximal to that disruption, we identified by high-resolution mapping many regions with CD4 + T cell subset-specific epigenetic modifications. A subset of those regions represented enhancers, whereas others blocked the activity of upstream enhancers or insulated Ifng from neighboring chromatin. Our findings suggest that proper expression of Ifng is maintained through the collective action of multiple distal regulatory elements present in a region of about 100 kilobases flanking Ifng.
Interferon-g (IFN-g) is produced in response to viral or intracellular bacterial infection and functions to activate macrophages, to increase expression of major histocompatibility complex molecules and to exert direct antiviral activity on infected cells. Although natural killer (NK) and CD8 + T cells are 'programmed' to rapidly produce IFN-g after activation, CD4 + T cells can adopt varied programs of effector function. The T helper type 1 (T H 1) and T H 2 lineages are the most well characterized CD4 programs: T H 1 effector cells produce large amounts of IFN-g, whereas T H 2 effector cells produce little IFN-g but large amounts of interleukin 4 (IL-4), IL-13 and IL-5. Proper cytokine expression and commitment to those lineages is regulated mainly at the level of transcription, with the transcription factors T-bet and GATA-3 dictating commitment to the T H 1 or T H 2 lineage, respectively [1] [2] [3] [4] . T-bet directs this commitment by repressing GATA-3 (refs. 5, 6) , remodeling the Ifng locus, aiding in transcription of Ifng 7 and inducing expression of IL-12 receptor-b2 (ref. 8 ) and the transcription factor Hlx 9 .
The signaling events and transcription factors that drive IFN-g expression have been elucidated in considerable detail, but relatively little is known about where and how they act 2, 10 . Transgenes containing the Ifng promoter, Ifng introns and up to 3.4 kilobases (kb) of 5¢ Ifng-flanking sequence do not confer proper T cell subset-specific expression in vivo [11] [12] [13] . In contrast, a 191-kb bacterial artificial chromosome transgene containing human IFNG and 90-95 kb of flanking sequence results in abundant T H 1-specific IFN-g production 13 . This result suggests that distal transcriptional regulatory elements are required for proper expression, the necessary elements are present in this extended region and elements from the human IFNG locus are sufficiently conserved to function properly in mice.
Distal regulatory elements aid in chromatin remodeling to establish and maintain lineage-specific programs of gene expression and are often highly conserved among species. Enhancers are necessary for abundant gene transcription, whereas silencers inhibit gene expression and may serve as foci that initiate permanent silencing in nonexpressing cell types. The separation of genomic DNA into domains with distinct gene expression patterns is thought to be mediated, at least in part, by boundary elements 14, 15 . Boundary elements include insulators, which act as barriers to restrict the spread of repressive heterochromatin, and enhancer-blocking elements that shield genes from the long-range effects of enhancers or silencers associated with adjacent genes 10, 16 . Regulatory elements are usually located within 50-75 kb of the gene they regulate, but can be located up to several hundred kilobases away, and are commonly found in open chromatin, where transcription factors and other protein mediators are able to access specific DNA sequences to control gene expression. Thus, in addition to sequence conservation 17 , focal changes in chromatin structure and DNA methylation have been used to predict the location of distal regulatory elements in gene loci 10, 18 .
Here we used computational, chromatin-based and functional approaches to identify distal regulatory elements that help govern Ifng expression in CD4 + T cells. Comparative genomic analysis showed © 2007 Nature Publishing Group http://www.nature.com/natureimmunology eight highly conserved noncoding sequences (CNSs) surrounding Ifng. We used an innovative, PCR-based method to map DNase-hypersensitivity sites in a comprehensive and sequence-specific way 18 , along with chromatin immunoprecipitation and DNA-methylation analysis to demonstrate distinct CD4 + T cell subset-specific epigenetic marks at and around these CNSs. A subset of these sequences enhanced IFN-g expression in response to signals 'downstream' of the T cell antigen receptor (TCR), cytokine receptors and/or T-bet, whereas some acted as insulators or enhancer-blocking elements, suggesting that proper expression of Ifng is governed in part by the 'collaboration' of multiple regulatory elements in a region of about 100 kb surrounding Ifng.
RESULTS

Conservation and divergence in the Ifng locus
To identify regulatory elements in the Ifng locus, we first did a multispecies alignment with the mouse genome as the 'base' . We identified syntenic regions of mouse chromosome 10, rat chromosome 7 and human chromosome 12 ( Fig. 1) . In each of these species, Il22 and Mdm1 are located upstream of Ifng; Mdm1 encodes a highly conserved p53-binding protein and Il22 encodes a proinflammatory member of the IL-10 cytokine family. IL26, which like IL22 encodes a member of the IL-10 cytokine family, is located between IL22 and IFNG in humans, bony fish 19 and all available mammalian genomes except rodents. In rodents, Il26 has been disrupted by insertion of a long interspersed nuclear element (LINE) and insertion of a long terminal repeat (LTR)-LINE-LTR at positions 57-59 and 73-87 kb, respectively, upstream of mouse Ifng (Fig. 1a and Supplementary  Fig. 1 online) . C57BL/6 and 129/Sv mice also have an Iltifb gene 20 , which represents an inverted duplication of Il22 and is flanked on either side by six tandem repeats containing a highly conserved 1-kb core with homology to mouse chromosome 12 and human chromosome 6 (http://eichlerlab.gs.washington.edu/database.html). Downstream of Ifng there are no known coding genes for about 420 kb, but a noncoding antisense transcript 21 , Tmevpg1, begins 120 kb downstream of Ifng and extends to within 61 kb of the Ifng start site.
Despite the salient structural differences in the Ifng locus in rodents and humans, patterns of Ifng expression in specific cell types are substantially similar in these species. Such similarity indicates that regulatory elements involved in Ifng expression are not affected by the structural differences and suggests that most, if not all, such regulatory elements are probably not more than 57 kb upstream of Ifng. For that reason, we searched for CNSs in this region and for a similar distance downstream of Ifng. We identified eight CNSs (designated here by the distance of their 5¢ end relative to the start of mouse Ifng), including the sequences CNS1 and CNS2 identified before 22, 23 , called 'IfngCNS-6' and 'IfngCNS+18-20' , respectively, here (Fig. 1c) . None of these CNSs corresponded to known open reading frames, suggesting that they may contain regulatory elements.
Although sequence conservation is one approach by which to identify candidate regulatory elements, the correlation between conservation and function is imperfect 10, 17, 24 . Regulatory elements can also be identified experimentally through the detection of epigenetic modifications that are typical for such regions. To provide a substrate with which to determine the epigenetic profile of the Ifng locus in CD4 + T cell subsets, we isolated naive CD4 + T cells from SMARTA TCR-transgenic mice and studied these cells immediately after isolation or after differentiation in vitro for 8 d in T H 1 or T H 2 conditions ( Supplementary Fig. 2 18 . We used this approach to search for regulatory elements in an unbiased way over 114 kb extending upstream of Ifng to the region at which synteny is disrupted and downstream nearly to the terminus of the Tmevpg1 antisense transcript (Fig. 2) .
In this region, we confirmed the presence of hypersensitivity site I (HSI), HSII and HSIII, located at the Ifng promoter, intron 1 and intron 3, respectively; these sites have been defined before in the longterm D5 T H 1 cell line 25 . There has been some ambiguity about whether HSI is in the promoter or the proximal first intron 22, 25 . Our studies showed HSI was at the promoter in primary T H 1 cells (Fig. 2) . We classified hypersensitivity sites as 'strong' with a sensitivity to DNase I over 4 s.d. above baseline and classified them as 'weak' with a sensitivity to DNase I over 2.5 s.d. but less than 4 s.d. above baseline (strong hypersensitivity sites are labeled here as 'HS' and weak sites, as 'hs' , followed by the distance in kilobases from the Ifng start site). These three hypersensitivity sites, particularly HSII, were weak compared with the strong 'HS+18' site, which coincides with the 5¢ end of IfngCNS+18-20, as shown before by Southern blot 23 . An hypersensitivity site coinciding with IfngCNS-6, demonstrated so far only in restimulated D5 cells 22 , was not consistently evident in primary T H 1 cells.
In addition to HS+18, we detected several strong hypersensitivity sites not identified before. We detected HS-22, which is in IfngCNS- Histone modifications in the Ifng locus DNase-hypersensitivity sites are typically associated with transcriptionally permissive histone modifications. To test that prediction and to provide a complementary approach to search for regulatory elements in the Ifng locus, we 'scanned' the locus by chromatin immunoprecipitation to detect histone H3 dimethyl lysine 4 (called 'K4(me2)' here), a stable 'mark' associated with 'poised' or actively transcribed chromatin 24, 26 , and trimethyl lysine 27 (called 'K27(me3)' here), a repressive histone modification associated with the establishment of Polycombmediated silencing 27, 28 . DNase-hypersensitivity sites form where the nucleosomal array is distorted or displaced, potentially reducing total H3 abundance 29, 30 , whereas Polycomb-mediated silencing results in the compaction of nucleosomes, thereby potentially increasing total H3 density 31 . To control for those possibilities, we also did chromatin immunoprecipitation for total H3 and present results for K4(me2) and K27(me3) both in absolute terms and relative to the abundance of H3 at that position (K4(me2)/H3 and K27(me3)/H3). Naive CD4 + T cells showed little constitutive enrichment for K4(me2) throughout the Ifng locus, with the exception of small amounts at IfngCNS-34 and IfngCNS-22 ( Fig. 3a, top ). In contrast, T H 1 cells were characterized by distinct peaks of K4(me2) at all CNSs except IfngCNS+55. A broad area of K4(me2) enrichment was centered on IfngCNS+29 and IfngCNS+46 in T H 1 cells, supporting published reports that enrichment for K4(me2) may be found at regulatory regions of active genes even where the underlying DNA sequence is not highly conserved 24 . Unexpectedly, T H 2 cells had moderate enrichment for K4(me2) at IfngCNS-22 and slight enrichment at Ifng, IfngCNS+18, IfngCNS+29 and just 5¢ of IfngCNS+46. After correction for the total abundance of H3 ( Supplementary Fig. 3 online), the regions of apparent enrichment for K4(me2) were much less in T H 2 and naive CD4 + T cells (Fig. 3b, top) , whereas correction for total H3 abundance in T H 1 cells further sharpened the K4(me2) peaks, most notably at IfngCNS+29 and IfngCNS+46, resolving K4(me2) to the regions of highest conservation. This pattern of enrichment for K4(me2) mostly mirrored that of H3 acetylation in long-term polarized T H 1 and T H 2 cell lines ( Supplementary Fig. 4 online).
In contrast to the K4(me2) patterns, K27(me3) was present in naive CD4 + cells and T H 2 cells but not in T H 1 cells (Fig. 3a,b , bottom). Naive CD4 + cells had moderate amounts of K27(me3) and K27(me3)/H3 in the region between IfngCNS+29 and IfngCNS+46. After differentiation into T H 2 cells, K27(me3) and K27(me3)/H3 increased in this region and spread throughout Ifng and into the region upstream of IfngCNS-22. In contrast, differentiation into T H 1 cells resulted in a nearly complete loss of K27(me3) and K27(me3)/H3 throughout the locus. Thus, whereas K4(me2) is mostly a T H 1-specific modification most strongly associated with CNSs, K27(me3) is broadly distributed throughout the locus in T H 2 cells and is only modestly enriched at CNSs.
Because the cytokine environment and commitment to the effector cell lineage may differ for T H 1 cells derived in vitro and T H 1 effector cells generated in vivo, we also did K4(me2) chromatin immunoprecipitation with T H 1 effector CD4 + SMARTA TCR-transgenic cells generated in response to infection with lymphocytic choriomeningitis virus (LCMV) in vivo ( Supplementary Fig. 2 ). As we had limited in vivo effector cells, we focused on the regions that were most informative in cells derived in vitro. T H 1 effector cells generated in vivo showed peaks of K4(me2) at Ifng and at each of the CNSs from IfngCNS-34 to IfngCNS+29 but had relatively greater enrichment for K4(me2) at IfngCNS-6 and less enrichment at IfngCNS+46 than in vitro-derived T H 1 cells did and had no enrichment at IfngCNS-54 (Fig. 3c) . Hence, enrichment for K4(me2) did not extend to the most distant CNSs in CD4 + T H 1 cells generated in response to LCMV infection, as it did in T H 1 cells derived in vitro.
Cell lineage-specific demethylation in the Ifng locus Unmethylated DNA is commonly associated with 'poised' or active chromatin. Therefore, elements involved in Ifng regulation are expected either to be demethylated in naive CD4 + T cells or to become demethylated during T H 1 cell differentiation. In naive CD4 + T cells, most CpG dinucleotides at IfngCNS-34, IfngCNS-22, the Ifng promoter, IfngCNS+29 and IfngCNS+46 were demethylated (Fig. 4a) was mostly methylated in hepatocytes, a cell type that cannot express Ifng. Differentiation of naive CD4 + T cells in T H 1 conditions was associated with substantial demethylation at IfngCNS-54, intron 1 and IfngCNS+18-20, whereas differentiation in T H 2 conditions was associated with more CpG methylation at the Ifng promoter. The Il4-Il13 locus showed a reciprocal pattern, with demethylation at CNS1 and the Il4 promoter in T H 2 cells, in contrast to the lack of demethylation in naive CD4 + and T H 1 cells (Fig. 4b) , as reported before 32, 33 . Those data, along with results presented in previous sections, indicated that the precise pattern of hypersensitivity sites, enrichment for K4(me2) and K27(me3), and CpG methylation differed in naive, T H 1 and T H 2 cells (Fig. 5) . Differentiation in T H 1 conditions induced CpG demethylation at IfngCNS-6, intron 1 and IfngCNS+18-20, along with notable enrichment for K4(me2) at all Ifng CNSs except IfngCNS+55. Although not all regions enriched for K4(me2) in T H 1 cells had a corresponding DNase-hypersensitivity site, hypersensitivity sites in T H 1 cells were present exclusively at such regions. In contrast, differentiation in T H 2 conditions induced CpG methylation at the Ifng promoter and increased K27(me3) throughout much of the locus. Unlike T H 1-specific DNase-hypersensitivity sites, T H 2-specific sites were adjacent to CNSs and corresponded to regions in which enrichment for K27(me3) was most evident. IfngCNS-22 was notable in lacking CpG methylation, the presence of K4(me2) in naive, T H 1 and T H 2 cells, and DNase hypersensitivity in both T H 1 and T H 2 cells. These epigenetic distinctions collectively suggest differential use and function of distal regulatory elements in naive, T H 1 and T H 2 CD4 + T cells.
Distal elements can enhance IFN-c production
To determine if any of the elements identified by epigenetic analyses were able to enhance IFN-g expression, we transfected EL-4 cells (a mouse thymoma line) with plasmids containing a 9-kb mouse Ifng gene (positions -3.4 to +5.6) alone or downstream of one of the elements identified by epigenetic analysis. We also transfected cells with an empty expression vector or one directing expression of T-bet, plus a renilla luciferase transfection-control plasmid driven by the promoter of the gene encoding b-actin. We then stimulated transfected cells with phorbol 12-myristate 13-acetate (PMA) plus ionomycin, assessed transgene-driven production of IFN-g by enzyme-linked immunosorbent assay and normalized the results to renilla luciferase activity.
As reported before, EL-4 cells produced little or no endogenous IFN-g 23 but did so when transfected with Ifng (Fig. 6) produced two to three times as much IFN-g as cells transfected with Ifng alone, as did cells transfected with the construct containing IfngCNS-6, which has been shown before to enhance IFN-g production 23 . There was a similar two-to threefold increase with these constructs when activated with PMA plus ionomycin in the presence of T-bet. In contrast, constructs containing IfngCNS-22 and IfngCNS-34 enhanced IFN-g production only in stimulated, T-bet-transfected cells.
To assess enhancer activity in additional cell types and in response to alternative stimuli, we cloned each element upstream of the Ifng promoter driving a firefly luciferase reporter. We transfected these constructs, and a renilla luciferase control plasmid driven by the thymidine kinase promoter, by nucleofection into primary mouse T H 0, T H 1 and T H 2 CD4 + T cells and CD8 + T cells, which we then stimulated with antibody to CD3 (anti-CD3) and anti-CD28, IL-12 plus IL-18, or a combination of all four stimuli. Primary NK cells could not be transfected, so we used the human NK-92 cell line to study NK cell responses.
In NK-92 cells, expression from each of the constructs increased in response to stimulation with IL-12 plus IL-18 or PMA plus ionomycin and was greatest in response to the combination of these stimuli (Fig. 7a) . IfngCNS-34, IfngCNS-22, IfngCNS-6, IfngCNS+46 and, to a lesser extent, IfngCNS-54 enhanced expression in all conditions. The whereas IfngCNS-6 (11.97 ± 0.45), IfngCNS-34 (11.58 ± 0.44) and, to a lesser degree, IfngCNS-54 (4.34 ± 0.17) mainly enhanced expression in response to PMA plus ionomycin. Use of these stimuli together resulted in a composite of their independent effects. The ability of these elements to enhance expression in NK-92 cells also demonstrates that the function of these elements is conserved among humans and mice. When we transfected the constructs into primary T cell subsets expressing IFN-g, expression increased in response to stimulation with IL-12 plus IL-18 or anti-CD3 plus anti-CD28 and was greatest in response to the combination of these stimuli. As in NK-92 cells, IfngCNS-6 enhanced expression in CD8 + T cells ('fold' enhancement over the Ifng promoter alone (mean ± s.d.), 6.74 ± 0.25) and in T H 0 and T H 1 CD4 + T cells (6.27 ± 0.17) stimulated with anti-CD3 plus anti-CD28 (Fig. 7b,c and data not shown); IfngCNS-34 did so as well but only in CD8 + T cells. IfngCNS-22 enhanced expression in response to IL-12 plus IL-18 in T H 0 and T H 1 cells (2.14 ± 0.15), but this effect was not consistently evident in CD8 + T cells. In contrast to the results obtained in those T cell subsets, expression of each construct in T H 2 cells was low and did not change in response to stimulation (Fig. 7d) .
Thus, expression of the constructs was appropriately restricted to IFN-g-producing cell subsets, and IfngCNS-6, IfngCNS-34 and IfngCNS-22 enhanced expression both in the EL-4 and NK-92 cell lines and in primary T cells. IfngCNS-6 and IfngCNS-34 mainly enhanced expression in response to signals emanating from the TCR or NK receptors, IfngCNS-22 mainly enhanced expression in response to IL-12 plus IL-18, and IfngCNS-22 and IfngCNS-34 were T-betdependent enhancers. Although IfngCNS+29 enhanced expression in EL-4 cells as effectively as IfngCNS-6 did, we did not detect such activity in other cell types, suggesting that the activity of IfngCNS+29 may be limited to specific contexts.
Boundary elements in the Ifng locus
The presence of differentially expressed genes and structural rearrangements upstream of Ifng and the antisense Tmevpg1 transcript downstream of Ifng suggests that one or more distal elements might function as boundary elements. To address that issue, we used a colony-forming assay that tests the ability of elements to repress or stimulate the expression of a selectable marker when stably integrated into chromatin. We transfected EL-4 cells with a plasmid (P d -neo r ) containing a bacterial neomycin-resistance gene under the control of the promoter and enhancer of the human locus encoding TCRd and flanked on the 3¢ end by the drosophila scs¢ insulator element, which prevents the influence of downstream enhancers or heterochromatin 34, 35 . We measured expression of the bacterial neomycin-resistance gene by colony formation after selection of aminoglycoside G418-resistant colonies in soft agar (Fig. 8) . We then cloned CNSs 5¢ of the enhancer to assess insulator function (indicated by increased colony formation) or placed them between the enhancer and promoter to assess their ability to block upstream enhancers (indicated by fewer colonies).
EL-4 cells transfected with a construct containing the 1.6-kb Myc insulator element (MINE) 35 , cloned upstream of the enhancer as a positive control, produced 2.3-fold more colonies than those transfected with the control P d -neo r construct (Fig. 8a) . IfngCNS+46 increased colony formation twofold when placed upstream of the enhancer, indicating its ability to function as an insulator and suggesting that it may form a functional 3¢ locus boundary. The alternative interpretation, that IfngCNS+46 acted as an enhancer, is not consistent with its inability to increase colony formation when placed between the enhancer and promoter (Fig. 8b) or its inability to enhance expression of luciferase reporters in EL-4 cells (Fig. 6) . For EL-4 cells transfected with constructs containing the 1.6-kb MINE enhancer-blocking element between the enhancer and promoter of the gene encoding TCRd (as a positive control), G418-resistant colonies were reduced to numbers similar to those obtained with constructs lacking the enhancer (Fig. 8b) . IfngCNS-54, IfngCNS-34 and IfngCNS-22 also showed enhancer-blocking activity, decreasing the number of colonies to 10-26% of control values when cloned between the enhancer and promoter. The alternative interpretation, that these elements are silencers, is not consistent with their failure to reduce colony formation when placed upstream of the enhancer (Fig. 8a) or with their ability to enhance expression in transient transfection assays (Figs. 6 and 7) . These results suggest that those three upstream elements may protect Ifng from the influence of flanking sequences or regulatory elements associated with upstream genes or vice versa.
DISCUSSION
Here we have provided a comprehensive computational and epigenetic analysis of the Ifng locus, which we used in concert with functional studies to delineate and characterize distal elements that regulate Ifng expression. The mouse Ifng locus diverges from that of other mammals as a result of complex structural rearrangements beginning 57 kb upstream of Ifng. Despite those substantial differences in locus architecture, this gene is expressed similarly in humans and mice, suggesting that the regulatory elements necessary for its proper expression are proximal to that divergence. Within about 60 kb upstream or downstream of mouse Ifng, we identified eight CNSs, which showed distinct patterns of K4(me2) and K27(me3) histone modification, CpG methylation and overlying or adjacent DNasehypersensitivity sites that differed for naive, T H 1 and T H 2 CD4 + T cells. Functional studies showed that the most distal CNSs (IfngCNS-54 and IfngCNS+46) acted mainly as boundary elements, whereas the more proximal CNSs (IfngCNS-34, IfngCNS-22, IfngCNS-6 and, in some contexts, IfngCNS+29) were enhancers, two of which (IfngCNS-34 and IfngCNS-22) could also function as boundary elements. The T cell subset-specific epigenetic 'marks' associated with these regulatory elements suggested that they function to control Ifng expression in a way appropriate for that subset. Consistent with that idea, constructs containing these elements and the Ifng promoter were active in primary T cell subsets expressing Ifng and were repressed in T H 2 cells, which do not express Ifng. Naive CD4 + T cells are 'poised' to have low expression of Ifng mRNA shortly after activation 36 . In such cells, the Ifng promoter lacks transcriptionally favorable histone 'marks' and hypersensitivity sites but has demethylated CpG sequences and is juxtaposed to the T H 2 cytokine locus, perhaps creating a hub that allows the two regions to compete for limiting transcription factors before fate specification 25, [37] [38] [39] . We have shown here that the enhancers at IfngCNS-34, IfngCNS-22 and IfngCNS+29 had demethylated CpG sequences in naive CD4 + T cells and that IfngCNS-22 had modest amounts of the permissive K4(me2) histone modification, perhaps 'poising' these elements to facilitate Ifng expression during the early stages of T H 1 cell differentiation. In contrast, CpG sequences in the two distal enhancers described before, IfngCNS-6 and IfngCNS+18-20 (refs. 22,23) , and in the introns 13 were densely methylated in naive CD4 + T cells, suggesting that these regions may amplify expression at later stages. IfngCNS+46 was the other element with demethylated CpG sequences in naive CD4 + T cells. This element seemed to act as an insulator in T cells, although it had some basal enhancer activity in NK cells. Naive CD4 + T cells also contained two nearby hypersensitivity sites (hs+49 and hs+53) and the surrounding region was modestly enriched for K27(me3). Those two features were more prominent in T H 2 cells and were considerably less so in T H 1 cells, suggesting that the insulator activity of IfngCNS+46 may serve to keep the locus 'poised' in naive CD4 + T cells by limiting the intrusion of repressive chromatin and/or encroachment by the downstream noncoding Tmevpg1 transcript. This transcript is thought to negatively regulate Ifng based on expression of both Ifng and Tmevpg1 by similar lymphocyte lineages, opposing expression patterns after stimulation and the association of a genetic locus containing these regions with susceptibility to Theiler's encephalomyletis 21, 40 . The presence of K27(me3) has been suggested to serve as a 'mark' for regulatory regions 'poised' for silencing after differentiation 41 . Thus, the region containing IfngCNS+46, hs+49 and hs+53 may serve as a developmental switch region that protects Ifng locus accessibility in naive CD4 + T cells but facilitates silencing in T H 2 cells. In many respects, IfngCNS+46 seems analogous to the hypersensitivity site of the T H 2 cytokine locus, HSS3, which is located between Il4 and Il13. HSS3 is hypersensitive in naive, T H 1 and T H 2 cells, is enriched for K27(me3) in naive and T H 1 cells and loses K27(me3) in T H 2 cells 42 . Although the function of HSS3 has not been tested, we speculate that it too may act as an insulator.
Compared with its expression in naive CD4 + T cells, abundant T H 1 cell-specific IFN-g expression requires more transcriptional accessibility at the Ifng locus. The differentiation of T H 1 cells is known to be associated with progressive CpG demethylation and acquisition of DNase hypersensitivity at IfngCNS-6, the Ifng promoter and intronic enhancers, and IfngCNS+18-20 (refs. 9,22,23,25). We found that T H 1 cells also acquired strong hypersensitivity sites at two additional enhancers, IfngCNS-22 and IfngCNS+29, weak hypersensitivity sites hs+36 and hs+46, and peaks of K4(me2) corresponding to the Ifng promoter and gene and each of the enhancers identified here and in other published reports. T H 1 commitment also resulted in the complete loss of K27(me3) in the locus. IfngCNS+46, IfngCNS+29, IfngCNS-22 and IfngCNS-34 lacked CpG methylation in naive CD4 T cells, suggesting that they may interact with the Ifng promoter in naive CD4 + cells, as does the most proximal enhancer, IfngCNS-6 (ref. 39) . Early signaling events after stimulation may target these elements to begin structural chromatin changes and three-dimensional rearrangement of the Ifng locus, resulting in the recruitment of other elements necessary for abundant, heritable IFN-g production. Another report has also identified IfngCNS-22 and IfngCNS-34 and has shown, as we have here, that these act as T-bet dependent enhancers 43 . However, in contrast to our findings and to published reports 22, 23 , that report 43 did not show enhancer function for IfngCNS-6, which may reflect differences in reporter constructs. It also demonstrated that deletion of IfngCNS-22 from a bacterial artificial chromosome Thy-1.1 reporter transgene results in considerable loss of reporter expression by T H 1, CD8 + T and NK cells 43 , indicating that this element is also key in vivo. These data collectively suggest that multiple distal enhancers upstream and downstream of Ifng promote its expression in response to signals from the TCR and from the canonical T H 1 'master regulator' T-bet. Other studies have shown that histone acetylation in the Ifng locus of T H 1 cells is dependent on T-bet and the STAT4 transcription factor 44 ; however, more precise mapping will be needed to define the elements mediating these effects.
In addition to requiring enhancers, proper expression of genes requires that they be protected by boundary elements from the unwanted effects of regulatory elements associated with nearby genes and surrounding chromatin domains. We detected four elements with boundary function in the Ifng locus, each 'marked' by K4(me2) and demethylated CpG sequences in T H 1 cells. As noted above, IfngCNS+46 may insulate the locus from encroachment by repressive K27(me3). Upstream, IfngCNS-22, IfngCNS-34 and IfngCNS-54 may serve as sequential barriers helping to segregate Ifng from upstream transposable elements and segmental duplications and from the regulatory elements associated with Il22 and Mdm1 or vice versa. Transposable and repetitive elements can alter the epigenetic structure of surrounding chromatin, resulting in activation or silencing of nearby genes 45 . And although like IFN-g, IL-22 is an effector cytokine expressed minimally or not at all by naive T cells 46 , unlike IFN-g, IL-22 is highly expressed by IL-17-producing T helper cells rather than T H 1 cells 47 . In addition to their boundary function, IfngCNS-34 and IfngCNS-22 were T-bet-dependent enhancers, and IfngCNS-22 enhanced expression in response to IL-12 plus IL-18, suggesting that these elements are capable of binding multiple proteins with distinct functions. The factors that mediate these distinct functions must be elucidated to fully determine how these elements are involved in Ifng expression.
In contrast to T H 1 cells, T H 2 cells must silence Ifng to prevent its erroneous expression 10, 33, 42 . We have shown here that in T H 2 cells, K27(me3) spread, extending from IfngCNS+46 to include Ifng and sequences upstream of IfngCNS-22. Such spreading is characteristic of Polycomb-mediated gene silencing 28 , which has been described before for the T H 2 cytokine locus in T H 1 cells 48 . The distribution of K27(me3) in T H 2 cells compared with that in naive CD4 + T cells © 2007 Nature Publishing Group http://www.nature.com/natureimmunology was suggestive of a bidirectional process, with one area of K27(me) enrichment extending from the region around IfngCNS+29 and IfngCNS+46 upstream to envelope Ifng and the other beginning upstream and extending down to IfngCNS-22. In parallel, multiple T H 2 cell-specific hypersensitivity sites were acquired and HS-35 and HS+49 became stronger than they were in naive CD4 + T cells. The location of these hypersensitivity sites relative to the spreading of K27(me3) raises the possibility that these sites may represent locations from which the spreading is orchestrated. Conversely, HS-22 was strong in both T H 1 and T H 2 cells and was located at the upstream boundary of K27(me3), suggesting that it may block further spreading of this repressive 'mark' , perhaps to maintain some measure of plasticity in cells proceeding down but not yet irreversibly committed to the T H 2 pathway 4, 49 .
In summary, the ancestral Ifng locus, like the T H 2 cytokine locus, consists of three cytokine genes and a 'housekeeping' gene whose expression must be critically controlled for proper immune responses and the prevention of autoimmunity. In the T H 2 locus, the regulation of Il4, Il5 and Il13 relies on the critical functioning of enhancers, silencers and a locus-control region. However, the exact elements necessary for proper IFN-g expression have remained unknown. Here we used high-resolution epigenetic mapping of the Ifng locus in naive, T H 1 and T H 2 cells to identify a set of enhancers and boundary elements whose patterns of accessibility coincide with potential functions in the initiation and maintenance of Ifng transcription in naive and T H 1 CD4 + cells or the silencing of Ifng in T H 2 cells. The deletion of these elements in vivo and the identification of transcription factors binding to them and the mechanisms by which they act will help to elucidate more fully how these elements regulate Ifng.
METHODS
Mice. C57BL/6 mice were from The Jackson Laboratory. All mice were housed in specific pathogen-free conditions and were maintained in accordance with procedures approved by the Institutional Animal Care Use Committee of the University of Washington.
Purification and generation of T cell populations. EL-4 T cells were grown in RPMI medium supplement with 10% (vol/vol) FBS, penicillin, streptomycin and L-glutamine. NK-92 cells were grown in 1Â aMEM supplemented with sodium bicarbonate, 2 mM L-glutamine, 0.02 mg/ml of gentamycin, penicillin, streptomycin, 12.5% (vol/vol) FCS, 12.5% (vol/vol) horse serum, 0.1 mM 2-mercaptoethanol, 100 U/ml of recombinant human IL-2, 0.2 mM myoinositol and 0.02 mM folic acid. SMARTA TCR-transgenic CD4 + T cells were isolated from naive mice with CD4 microbeads and the AutoMACS purification system or with the CD4 + CD62L + T cell isolation system (Miltenyi) and produced similar results in chromatin immunoprecipitation experiments. Preparations obtained with CD4 microbead selection were over 92% naive CD4 + CD44 lo-int T cells with less than 3% CD4 + Foxp3 + cells, less than 0.5% CD4 -DX5 + NK cells and less than 0.5% CD4 + DX5 + NKT cells, and those obtained with the CD4 + CD62L + T cell isolation kit were over 92% naive CD4 + CD44 lo-int T cells with less than 0.5% CD4 + Foxp3 + cells, CD4 -DX5 + NK cells and NKT cells. For the generation of effector CD4 T cells in vitro, CD4 + CD44 lo SMARTA T cells were purified on a FACSAria (BD), then 0.5 Â 10 6 cells were cultured in Iscove's modified Dulbecco's medium supplemented with 10% (vol/vol) FBS, penicillin, streptomycin, 50 mM 2-mercaptoethanol and 100 U/ml of IL-2 (Chiron) in the presence of 2.0 Â 10 6 CD4 -CD8 -NK1.1 -CD44 lo antigen-presenting cells and cognate GP-61 peptide (30 mg/ml; United Biochemical Research). T H 1 culture conditions included 5 ng/ml of recombinant IL-12 (R&D Systems) and 10 mg/ml of anti-IL-4 (11B.11; 00022901; NCI Biological Resources Branch); T H 2 culture conditions included 50 ng/ml of recombinant IL-4 (R&D Systems), 50 mg/ml of anti-IL-12 (C15.6; AMC0122; Biosource) and 50 mg/ml of anti-IFN-g (RMMG-1; AMC4834; BioSource). Cell populations were expanded every 2-3 d in Iscove's modified Dulbecco's medium plus cytokines as described above; neutralizing antibodies were added only during plating and the first expansion. Cells collected for analysis at days 7-8 were over 99% CD4 hi and less than 0.5% expressed NK1.1 or major histocompatibility complex class II. Effector CD4 + T cells were generated in vivo by adoptive transfer into C57BL/6 mice of splenocytes containing 1 Â 10 5 SMARTA Thy-1.1 + T cells, followed 24 h later by intraperitoneal infection with 2 Â 10 5 plaque-forming units of LCMV Armstrong. After 7-8 d, samples were enriched for effector cells by negative selection with biotin-labeled anti-B220 and anti-NK1.1 (BD Pharmingen), antibody to all major histocompatibility complex class II (clone M5/114) and streptavidin beads (Dynal), then CD4 + Thy-1.1 + SMARTA effector cells were purified on a FACSAria to over 95% purity.
Chromatin immunoprecipitation. This was done and results were quantified as described 33 with rabbit anti-histone H3 (ab1791; Abcam), anti-H3-K4(me2) (07-030; Upstate Biotechnologies), anti-H3-K27(me3) (07-449; Upstate Biotechnologies) and normal rabbit immunoglobulin G as a nonspecific control (Sigma). Each primer set was optimized and quantified by real-time PCR by comparison to a five-log standard dilution of genomic DNA. After amplification, a melting curve profile was generated for each reaction to verify the specificity of each primer set (primers, Supplementary ' ' is the value for specific immunoprecipitation, ''DNA rIgG '' is the value for rabbit immunoglobulin G, and ''DNA 10% input '' is the value obtained with 10% of the input DNA.
DNase-hypersensitivity mapping. Chromatin profiling was done and quantified as described 18 . Nuclei from 2 Â 10 7 cells or more were isolated and were left untreated or were treated with DNase I, and then genomic DNA was purified. A tiling path of 250-bp ± 25-bp amplicons was designed to span a region of 124 kb surrounding Ifng on mouse chromosome 10. Quantitative PCR used templates from untreated or DNase I-treated nuclei. After amplification, a melting curve profile was generated to verify the specificity of each primer set. For each amplicon, the DNase I-sensitivity score was calculated as the ratio of product obtained with DNase I-treated DNA to the product obtained with untreated DNA. The standard deviation about the mean DNase I-sensitivity scores for all the amplicons in a given cell type was then determined. The DNase I-sensitivity score of each amplicon was then divided by the standard deviation to produce a normalized score. The amount of product was diminished in the DNase I-treated sample for DNase I sensitive regions and the normalized score thus became positive for sensitive amplicons. Normalized values were then plotted with respect to the genomic coordinates as the standard deviation above the baseline and were displayed in the UCSC genome browser. Primers for sequences at hypersensitivity sites are in Supplementary Table 1 online; a complete primer list is in Supplementary Table 3 online.
CpG methylation. CpG methylation in the Ifng and Il4 loci was quantified by sequencing of genomic DNA after bisulfite modification, PCR amplification and cloning as described 50 (primers, Supplementary Table 4 online).
Enhancer assays. DNA for each element was generated with the Expand High Fidelity PCR System (Roche; primers, Supplementary Methods online) and the RP-23 353-P23 bacterial artificial chromosome (Children's Hospital of Oakland Research Institute) containing the C57BL/6 Ifng locus as the template. IfngCNS-6 and IfngCNS+18-20 have been described 7 . Products were verified by sequencing and were inserted upstream of the 9-kb Ifng genomic clone in pBSII (EL-4 enhancer assays) or the Ifng promoter-driven (positions -582 to +42 relative to the Ifng start site) pGL3 vector using the MluI and XhoI sites (NK and primary T cell enhancer assays). The resulting constructs were transfected into EL-4 cells along with a T-bet-pcDNA3 or empty pcDNA3 plasmid, as well as a control renilla luciferase plasmid driven by the promoter of the gene encoding b-actin, as described 23 . EL-4 cells were allowed to recover for 1 h at 37 1C, then were left untreated or were stimulated for 24 h with PMA (25 ng/ml) and ionomycin (1.5 mM), and then supernatants were collected for measurement of IFN-g by enzyme-linked immunosorbent assay and cell lysates were prepared for measurement of renilla luciferase activity (Promega). For primary T cell transfection, CD44 lo-int CD4 + and CD8 + T cells from C57BL/6 mice were purified with a FACSAria or with the CD4 + CD62L + T cell isolation kit for T H 0 cells, then 1.0 Â 10 6 cells were stimulated in 24-well plates precoated with anti-CD3 (5 mg/ml; Fred Hutchison Cancer Research Center) and anti-CD28 (10 mg/ml; BD) in T H 1 or T H 2 conditions (as described above but without antigen-presenting cells or peptide). T H 0 and CD8 culture conditions were similar, except cultures were supplemented with IL-2 but no other cytokines or antibodies to cytokines. On days 7-8, cells were collected and were transfected by nucleofection with the Amaxa Nucleofection kit for mouse primary T cells according to the manufacturer's protocol with the following modifications. About 5 Â 10 6 CD8 + or T H 2 cells per transfection were washed and cultured at 37 1C in complete medium lacking IL-2 for 5 h before transfection and then were moved to ice for 1 h. T H 0 and T H 1 cells were left in medium containing IL-2, then were placed on ice for 20 min before transfection. Cells were resuspended at a density of 5 Â 10 6 cells per 100 ml in complete nucleofection solution and were mixed with 20 mg pGL3 firefly luciferase plasmid plus 5 mg thymidine kinase-renilla luciferase plasmid. After transfection, cells were allowed to recover for 4 h at 37 1C, then were divided equally among wells for stimulation with mouse recombinant IL-12 (5 ng/ml; R&D Systems) plus mouse recombinant IL-18 (5 ng/ml; R&D Systems) along with plate-bound anti-CD3 (5 mg/ml) or anti-CD28 (10 mg/ml) or both. Cells were stimulated for 6 h before cell lysates were prepared for measurement of dual-luciferase activity (Promega). NK-92 cells were transfected by nucleofection with the Amaxa kit V according to the manufacturer's protocol with the following modifications: 6 Â 10 6 cells were transfected with 2.5 mg thymidine kinase-renilla luciferase and 25 mg firefly luciferase plasmid. After transfection, cells were allowed to recover for 2 h at 37 1C, then were divided equally among wells for stimulation for 4 h with human recombinant IL-12 (10 ng/ml) plus mouse recombinant IL-18 (50 ng/ml), or PMA (25 ng/ml) plus ionomycin (1.5 mM), or with a combination of all four, and then were collected for measurement of luciferase activity. Primers used for cloning of elements into pGL3 are in the Supplementary Methods. Boundary element assays. Constructs were generated and verified as described for enhancer assays with the primers listed in the Supplementary Methods. For insulator assays, elements were inserted upstream of the enhancer of the gene encoding TCRd, whereas for enhancer-blocking assays, elements were inserted between the enhancer and promoter of the gene encoding TCRd. The resulting plasmids were made linear before transfection. EL-4 cells were transfected in triplicate with 10 mg of construct DNA. Cells were allowed to recover for 15 min, then were diluted for 48 h to a density of 1.0 Â 10 6 cells per ml in RPMI medium containing 10% (vol/vol) FBS, streptomycin and penicillin. Transformants were selected by plating of 0.5 Â 10 6 cells for about 4 weeks in medium containing 1 mg/ml of active G418 (Gibco) and 0.33% (wt/vol) agar. Colonies 4 mm or more in diameter were counted; total colony counts produced similar results but are not reported because of the difficulty in resolving closely spaced small colonies from satellite colonies. Transfection with control plasmid (1.6-kb MINE or enhancerless) or with plasmids containing CNSs was compared with transfection with the 'parent' P d -neo r plasmid. Significance was determined with a two-tailed, unpaired Student's t-test with Prism 4.0 software.
Note: Supplementary information is available on the Nature Immunology website.
